A decline in the dominance of oaks (Quercus) in eastern deciduous forests generally has been attributed to herbivory by white-tailed deer (Odocoileus virginianus) or fire suppression, but few studies have considered a role for mammalian consumers of acorns. We used acorns placed on the soil surface and acorns buried approximately 2 cm underground in 4 types of exclosures to evaluate the effects of white-tailed deer, tree squirrels (Sciurus carolinensis and S. niger), and white-footed mice (Peromyscus leucopus) on survival and germination of red oak (Q. rubra) acorns. Buried acorns were intended to mimic caches of squirrels. When deer were excluded from a plot, squirrels and mice consumed or removed all surface acorns. When both deer and squirrels were excluded from a plot, mice consumed .90% of the acorns on the surface. Thus, acorn consumption by deer is unlikely to be a causal factor in the widespread decline of many oak species. Survival of buried acorns did not differ between open plots and plots where only squirrels and mice had access, but when squirrels were excluded from a plot, the survival of buried acorns increased. In addition, buried acorns germinated at a much higher rate than acorns on the surface. As suggested for many oak species, unrecovered caches of acorns are likely a critical source of red oak seedlings.
Oaks (Quercus) have been a significant component of forests in the midwestern and eastern United States for the last 10,000 years (Abrams 1992) , but oaks may be declining as dominant canopy species (Abrams 2003; Beck 1992; McCune and Cottam 1985; Pallardy et al. 1988; Reich et al. 1990 ). Some researchers predict that slow-growing, mast-producing trees such as oaks and hickories (Carya) will, in large part, be replaced in the canopy by more mesophytic species in the next 50 years (Fralish 1997; Shotola et al. 1992) . Despite lack of evidence that acorn production has decreased, the proportion of oak seedlings and saplings in the understory and midstory of many hardwood forests does not seem adequate to maintain oaks as dominant canopy species (Abrams 1992 (Abrams , 1998 (Abrams , 2003 Christensen 1977) .
A decreasing number of oaks in the canopy of North American deciduous forests is of great concern to wildlife ecologists because acorns are a significant food source for wildlife during autumn and winter (McShea and Healy 2002; McShea and Schwede 1993; Rodewald 2003) . Martin et al. (1951) listed 96 North American vertebrate species that consume acorns. Large mammals (e.g., white-tailed deer, Odocoileus virginianus), sciurid rodents (e.g. tree squirrels, Sciurus carolinensis and S. niger), eastern chipmunks (Tamias striatus), mice (Peromyscus), and insects (e.g., acorn weevils, Curculio) are all important acorn predators in many midwestern and eastern deciduous forests. Deer, chipmunks, and mice consume acorns on the ground, whereas tree squirrels may harvest them both on the ground and before they fall.
Estimates of the amount of the acorn crop consumed by these species are few, coarse, and varied. McShea and Schwede (1993) noted that deer moved into acorn production areas in Virginia during acorn fall and consumed 70% of marked acorns set out by researchers at that time. After leaf fall, consumption of acorns by deer decreased, but 61% of the marked acorns set out by McShea and Schwede (1993) were consumed or removed by sciurid rodents. About 90% of the acorns not consumed by mammals were infested by weevils. Steiner (1996) estimated that 49% of northern red oak (Quercus rubra) acorns on the ground in Pennsylvania were consumed by deer. Infestation rates of acorns by weevils may reach 100% in some years, but is often about 50% (Beck 1992 ). Thus, in most years, almost the entire acorn crop may be consumed; about a 90% loss may be typical (Lorimer 1992) .
Fire suppression and increased herbivory by white-tailed deer can reduce the abundance of oak seedlings and saplings in the understory (Abrams 1992; Healy 1997) . Fire suppression allows forest canopies to close, which confers an advantage to more shade-tolerant, mesophytic species such as maples (Acer-Lorimer 1989; McCune and Cottam 1985; Reich et al. 1990 ). In addition, oaks invest more in the establishment of a large root system early in development compared to maples and other mesophytes that invest more in vertical growth (Crow et al. 1994; Hodges and Gardiner 1992; Reich et al. 1990 ). Thus, oaks are more resistant to fire and can resprout after being burned. In contrast, the rapid vertical growth typical of some mesophytes allows them to escape herbivory by deer earlier in their life cycle (Lorimer 1992) . Relative to herbivory by whitetailed deer and fire suppression, the possibility of acorn limitation in midwestern oak forests has received little attention, and few studies have attempted to quantify the influence of various mammal species on acorn fates.
Oak trees are much longer-lived than their seed predators (200-400 years versus 1 to a few years), suggesting that the density of many seed predators is driven by fluctuations in acorn production rather than trees and mast consumers coexisting in a predator-prey-mediated balance. The shortterm fluctuations of many mast consumers in response to pulses of acorn production and the cascading effects throughout the forest ecosystem are becoming better known (e.g., Ostfeld et al. 1996; Wolff 1996) . Variation in mast production by oaks may allow higher rates of acorn survival during years of high mast production by swamping some populations of acorn consumers (McShea 2000; Schnurr et al. 2002) . However, this predatorsatiation effect may no longer hold in many midwestern landscapes where abundant agricultural fields provide food and shelter for deer during spring and summer months. After the harvest of row crops each autumn, deer congregate in forest patches for the autumn and winter months (Nixon et al. 1991) . Further, deer have greatly increased in abundance in recent decades (McShea et al. 1997; Russell et al. 2001) . As a consequence, sustained high densities of these acorn consumers may lead to low rates of acorn survival even during years of abundant mast production.
Tree squirrels and many other small mammals not only consume acorns, but cache them for consumption in the late autumn and winter months. This behavior can influence acorn survival and germination by decreasing the likelihood of depredation by other species and by providing an improved microclimate underground (reviewed in Smith and Stapanian 2002; Steele and Smallwood 2002; Vander Wall 1990) . Barnett (1977) reported that caching of white oak (Q. alba) acorns increased survival, but not germination. However, white oak acorns germinate in the autumn shortly after reaching the ground, whereas acorns of many other oak species, including red oaks, do not germinate until the following spring. Caching should have a greater impact on acorns that germinate in the spring and thus are at risk of predation and exposed to adverse environmental conditions for a longer period of time.
The replacement of oaks by mesophytes is geographically widespread, with many reports coming from Illinois (e.g., Ebinger 1986; Edgington 1991; Shotola et al. 1992; Strole and Anderson 1992) . Therefore, hardwood forests of Illinois offer a good location for research on this subject. We used 4 types of experimental treatments to determine the effects of 3 groups of mammals on the overwinter survival and germination of red oak acorns. Our study was specifically designed to determine how the absence of deer, the absence of deer and squirrels, and the absence of all mammals would differentially affect the survival and germination of acorns both buried and on the surface. Buried acorns were intended to simulate caches of tree squirrels and to allow us to investigate the contribution of unrecovered caches to recruitment of red oak seedlings. We constructed 3 sets of experimental treatments (4 experimental plots per set of treatments) at each of the 4 sites (48 plots total). Sets of treatments were located .150 m apart and plots within each set of treatments were located ,10 m from one another. All sets of treatments were constructed in areas of hardwood forest with level topography and good representation of oaks in the canopy.
MATERIALS AND METHODS
Experimental plots were each 2 Â 2 m and comprised 1 of 4 treatments. Complete exclosures, which prevented deer, squirrels, and mice from accessing the plot, consisted of a wooden frame covered on the top and 4 sides with 0.63-cm (¼-inch)-mesh galvanized steel hardware cloth. Exclosure walls were 1.5 m tall and buried 20 cm under the soil surface with an additional 10 cm of hardware cloth bent outward to discourage small mammals from burrowing under the walls. Mouse plots, which excluded deer and squirrels, were similar to complete exclosures, but had 2.5-cm holes cut in the hardware cloth at ground level. Eight holes were cut on each side of each exclosure to allow access by white-footed mice (Peromyscus leucopus). Squirrelmouse plots, which excluded deer, also were similar to complete exclosures, but the hardware cloth covering the walls began 30 cm above the soil surface to allow access by all small mammals. The final treatment was an open plot consisting of a 2 Â 2-m area marked by 4 steel fence posts, 1 at each corner.
We conducted our study from autumn 2001 to autumn 2003. In November 2001 and 2002, after natural acorn fall had ended, we temporarily removed all leaf litter from each experimental plot and all acorns and tree seedlings were removed and discarded. A 1.5 Â 0.75-m sampling frame was then placed on the bare ground within each plot so that 2 of the lengthwise corners lay along the center of the plot. The positions of the centered corners were marked with small metal stakes that were left in place throughout the experiment so that the sampling frame could be replaced in the same location. Cord attached to the frame at 25-cm intervals was used to provide a gridlike spatial reference. A single northern red oak acorn was buried about 2 cm deep at each intersection of the cords and where the cords intersected the centered side of the frame. The frame was then moved to the other half of the exclosure and 1 northern red oak acorn was buried 2 cm deep at each intersection of the cords for a total of 25 buried acorns. The sampling frame was then removed, the leaf litter was replaced, 25 additional northern red oak acorns were dropped onto the leaf litter from about 1 m height, distributing them over the 1.5 Â 1.5-m area in the center of each plot. Each plot thus received 50 acorns, 25 buried to imitate caching by squirrels and 25 on the surface. The acorns were obtained from a commercial distributor (F. W. Schumacher Co., Inc., Sandwich, Massachusetts) and only intact acorns free of damage and insect infestation (evaluated by floating) were set out. We wore wellsoiled gardening gloves whenever handling acorns to minimize contamination of acorns by human scent.
We used northern red oak acorns for 2 reasons. First, red oak acorns germinate in the spring after remaining dormant all winter, and our experiment was designed to evaluate overwinter survival of acorns. Second, the large size of red oak acorns precludes interference by gape-limited birds such as blue jays (Cyanocitta cristata) and small woodpeckers (Darley-Hill and Johnson 1981) .
Data collection and analysis.-In late April through early May 2002 and 2003 we gently removed the leaf litter from each plot and recorded the number and condition (rotten or otherwise damaged, intact but not germinating, or germinating) of all acorns on the surface. We then set the sampling frame in place and gently excavated the soil beneath each intersection of the cords on the sampling frame. The number and condition of all buried acorns were recorded. Germinating acorns were disturbed as little as possible and all other acorns were returned to their original locations (buried or on the surface) along with the leaf litter. We visited each site the following September and recorded the number of oak seedlings in each plot. This sampling procedure allowed us to monitor acorn survival from autumn to spring of each year, germination of acorns remaining in the spring, and establishment of oak seedlings.
Beginning in early September of each year, we counted the number of acorns of each species in twelve 1-m 2 plots at each set of experimental treatments within each site. The acorn-sampling plots were located at 10-m intervals along two 50-m transects, 1 transect on each side of the set of experimental plots. A random direction and distance (1-5 m) from each 10-m interval determined the location of each plot. The number of acorns in each experimental plot was sampled bimonthly during peak acorn fall (mid-September to midNovember) and monthly thereafter through April. These data describe rates of accumulation and depletion of acorns on the ground at each site over the years in which the study was conducted.
Small mammals were livetrapped for 2 consecutive nights in the autumn and spring of each year. Twenty-four Sherman live traps (H. B. Sherman Traps, Inc., Tallahassee, Florida) were placed at 10-m intervals around each set of experimental plots. Three additional Sherman live traps also were set around the mouse plots. Livetrapping was not extensive enough to estimate population densities, but provided confirmation of the occurrence of small mammals at each site. Sherman traps were baited with mixed birdseed and the number and species of small mammals captured at each site were recorded. White-footed mice were the only small mammals captured. We captured 1-6 white-footed mice near each set of treatments in each trapping survey. Because of extensive disturbance of traps by raccoons (Procyon lotor) and squirrels at some sites, especially Brownfield Woods and Hart Woods, trap success could not be compared among sites. To assure the presence of squirrels at each set of experimental plots, we situated the plots so that at least 1 squirrel nest was visible within 50 m of each set of plots. Deer activity was confirmed near each set of treatments by identifying deer browse along our 50-m transects each spring. Browsing of saplings or shrubs by deer was recorded each spring at each site, and deer and tree squirrels were regularly seen during visits to all sites. Small mammal trapping protocol followed guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998) and was approved by the University of Illinois Animal Care and Use Committee.
We used analysis of variance (ANOVA) to compare effects of our experimental treatments on acorn survival. Treatment, year, and study site were main effects, and models included all interaction terms. Separate ANOVAs were run for surface and buried acorns. When significant differences among treatments were detected, we used Fisher's least significant difference (LSD) procedure to evaluate pairwise comparisons among treatments. In addition, we used a chisquare test to compare germination rates of surface and buried acorns that survived until the following spring. Statistical analyses were performed in SAS version 8 (SAS Institute Inc. 1999).
RESULTS
Background acorn counts.-Acorns typically began to appear on the ground at our study sites in late September, and almost all acorns except rotten or damaged ones were gone by February. In autumn 2001, acorns were least abundant at Brownfield Woods and most abundant at the 2 largest sites (Allerton Park and Vermillion River Observatory; Fig. 1A) . In autumn 2002, few acorns were detected during our sampling at any site (Fig. 1B) . Because our counts reflect a combination of acorn production and ongoing removal, they should not be (Fig. 2A) . In spring 2003, Brownfield Woods was the only site where any acorns were detected on the surface in mouse plots. One of these plots had 1 surviving acorn, another had 4 surviving acorns, and the 3rd had 22 surviving acorns (Fig. 2B) . In contrast, we recovered 22-25 intact or germinating acorns from each complete exclosure except 1 plot in Vermillion River Observatory in 2002 ( Figs. 2A  and 2B) .
Survival of buried acorns also varied among treatments (F ¼ 68.12, d.f. ¼ 3, 64, P , 0.0001). Differences detected by our LSD procedure (alpha ¼ 0.05) for buried acorns were similar to those for the surface acorns. Complete exclosures differed from all other treatments, mouse plots differed from all other treatments, but squirrel-mouse plots and open plots did not differ from each other. In spring 2002, few buried acorns were recovered from plots that allowed access by squirrels at our smaller sites (Brownfield Woods and Hart Woods), whereas the number of buried acorns recovered from squirrel-mouse plots and open plots at the 2 larger sites (Allerton Park and Vermillion River Observatory) ranged from 5 to 23 (Fig. 3A) . The number of buried acorns recovered from plots where squirrels were excluded varied from 14 to 23 in spring 2002. The loss of buried acorns from several complete exclosures was puzzling, particularly where most acorns were recovered on the surface. These plots invariably had extensive tunneling by eastern moles (Scalopus aquaticus). Moles do not eat acorns, but as they burrowed under our exclosures it is likely that buried acorns fell into their tunnels and were displaced. In spring 2003, we recovered few buried acorns from plots where squirrels had access at all 4 study sites (Fig. 3B) . In contrast to 2002, only 3-10 buried acorns were recovered from mouse plots, except for Brownfield Woods, where all but 1 buried acorn were recovered from mouse plots. Mole activity was not as apparent in 2003, and 20-25 buried acorns were recovered from total exclosures (Fig. 3B) .
Germination rates.-Of all the acorns recovered in 2002 and 2003, a greater proportion of buried acorns was germinating than of surface acorns (years pooled: v 2 ¼ 793, d.f. ¼ 3, P , 0.001). In 2002, 53 (18.9%) of 281 acorns surviving on the surface were germinating by early May. In contrast, 514 (76.7%) of 670 surviving buried acorns were germinating. In 2003, only 1 (0.3%) of 324 acorns surviving on the surface were germinating, whereas 349 (86.2%) of 405 surviving buried acorns were germinating by early May.
Seedling establishment.-In September 2002, 6-17 oak seedlings were present on mouse plots or in complete exclosures, whereas 0-6 seedlings were present on open plots or squirrel-mouse plots (Fig. 4A) . In September 2003, no oak seedlings were present on any open plots or squirrel-mouse plots, whereas the number of oak seedlings present on complete exclosures or mouse plots varied from 1 to 33 (Fig. 4B) .
DISCUSSION
In our study, almost no red oak acorns survived on the surface until the following spring, even where deer were excluded. Further, where both deer and squirrels were excluded, mice consumed !92% of all surface acorns in both years. Thus, lack of recruitment of oak seedlings in midwestern forests should not be blamed on increased acorn consumption by deer, at least in years of low to moderate acorn production. Similarly, Russell and Fowler (2004) did not find a significant effect of deer on survival and germination of acorns of Quercus buckleyi in Texas, in part because so few acorns on the surface survived the winter. Russell and Fowler (2004) concluded that any acorns not consumed by deer would be consumed by other granivorous species, particularly rodents and insects. Borchert et al. (1989) , who used a series of nested exclosures to study survival of acorns of Quercus douglasii in California, also reported that almost all acorns were removed from the surface of their open study plots, and that rodents rather than deer were the most important acorn predators in their study.
Populations of tree squirrels (J. Koprowski, pers. comm.) and mice (Nupp and Swihart 1996) can reach higher densities in small woodlots than in more extensive forests. Habitat fragmentation therefore may compound other factors that suppress oak recruitment in small forest fragments by fostering higher densities of a variety of mammalian mast predators. However, it should be noted that our study used a relatively small number of acorns on the surface in each plot, making it possible for small mammals such as squirrels and mice to consume or remove all the surface acorns. In contrast, the abundance of acorns naturally produced during a year of high mast production may be enough to satiate squirrel and mouse populations. Whether deer have a more detectable effect on survival and germination of acorns during years of high mast production remains to be determined.
A relationship between caching of acorns by rodents, particularly tree squirrels, and recruitment of oak seedlings has been noted many times (Smith and Stapanian 2002; Steele and Smallwood 2002) . Although many other small mammals such as chipmunks, mice, red-backed voles (Clethrionomys), and flying squirrels (Glaucomys) cache acorns (reviewed in Steele and Smallwood 2002) , most species other than tree squirrels have a tendency to larderhoard rather than scatterhoard (Vander Wall 1990; but see Vander Wall et al. 2001) . Barnett (1977) reported that caching of acorns by squirrels increased the survival, but not germination, of acorns of Q. alba. Borchert et al. (1989) buried acorns of Q. douglasii in their exclosure study and found that seedling recruitment from buried acorns was twice that of acorns placed on the soil surface. Examination of our data also showed increased survival and germination of buried acorns in comparison to surface acorns.
In a year of high mast production, many acorns cached by squirrels would likely not be recovered because of the greater abundance of acorns available, increasing the number cached and lowering the intensity for which cached acorns are later searched. Acorns that are cached by squirrels and not recovered would have an increased chance of escaping depredation by other species and would experience an improved microclimate. Given the much higher rate of germination that we recorded for buried acorns compared to acorns on the surface, the importance of a mast year may not only be due to the high number of acorns swamping populations of acorn consumers, but due more to cached acorns not being recovered by squirrels. The number of oak seedlings that we observed on each plot during the autumn of 2002 and 2003 reflected the number of buried acorns we recorded the previous spring (compare Figs. 3 and 4) . Natural production of acorns was greater in autumn 2001 than in autumn 2002 at our study sites, and fewer buried acorns were removed from our experimental plots in the year of greater production. Thus, foraging by both mice and squirrels may have been more intense when fewer acorns were available, as predicted by the predator-satiation hypothesis. Unfortunately, neither year of our study was a true ''mast year.' ' Crawley and Long (1995) also reported that low acorn crops suffered a higher percentage of mortality than did large acorn crops in the United Kingdom, particularly due to vertebrate acorn consumers such as wood mice (Apodemus sylvaticus). Oak seedling recruitment was correlated with size of the acorn crop in habitats where vertebrate acorn consumers and herbivores were common, but seedlings appeared almost every year where seed predators were relatively scarce (Crawley and Long 1995) . We do not know the fates of acorns removed from our experimental plots, and many may have been cached elsewhere. However, fragments of acorn shells were commonly found in the mouse plots and rarely in other plots, suggesting that mice were likely to consume acorns they captured. Steele et al. (2001) reported that 18.2% of 286 acorns cached by squirrels were not recovered in their study. Additional quantitative estimates of recovery rates of acorns naturally cached by squirrels in years of varying mast production would help to confirm the influence of squirrels and their caching behavior on oak seedling recruitment.
The replacement of oaks by maples in midwestern hardwood forests will be detrimental to wildlife in many ways (Rodewald 2003) . The most significant impact will be the loss of acorns as a major part of the diet of many wildlife species in the autumn and winter months. Acorns have many beneficial characteristics that other tree seeds, such as maples, do not. Acorns are very digestible, typically high in lipid content, and can provide more energy than maple seeds (Kirkpatrick and Pekins 2002) . In addition, acorns have a hard outer coat that allows them to persist for longer periods of time without decomposing, allowing them to be cached. Even wildlife species that do not cache acorns benefit from this characteristic because during years of high mast production acorns may remain available late into winter when other food is scarce. In addition, oaks retain their leaves later in the year than mesophytic trees, providing habitat for insects that many wildlife species, particularly birds, prey upon (Rodewald 2003) . Cascading effects from loss of oaks may bring about major shifts in wildlife communities and could dramatically change midwestern and eastern deciduous forests.
Although fire suppression and deer herbivory clearly are important factors affecting oak regeneration, these factors act primarily after the establishment of oak seedlings. As oaks become less abundant in the canopy and acorns consequently become less abundant, the effects of acorn predators on oak seedling recruitment are likely to increase in importance. Future studies examining how wildlife species influence acorn survival on a larger scale than our small experimental plots could provide biologists with information that will improve our understanding of oak regeneration.
